Introduction {#Sec1}
============

The Alzheimer's disease (AD) is a progressive and incurable neurodegenerative disease and the most frequent type of dementia in humans older than 65 years. The most important symptom is a progressive cognitive disorder, especially with prominent deficits in short-term memory. This disease was for the first time described in 1907 by German neuropathologist Alois Alzheimer's and was called by his name \[[@CR1]\]. About 20 million people all over the world are affected by AD, what is a serious medical, but also social and economical problem \[[@CR2]\]. Majority (circa 85%) of all AD cases is a sporadic form, while 15% is a familial form related to the mutations in the genes of the amyloid precursor protein (APP) and presenilin (PSEN1 and PSEN2). Since age is the major risk factor, the increasing human population and the average life time would increase the number of AD patients. Besides the age, the simultaneous occurrence of genetic causes, the life style, and environmental factors contribute to the development and progress of the disease. Another AD risk factors are the polymorphism of apolipoprotein E (ApoE), or changes in the activity of α-antichymotrypsin (ACT), butyrylcholinesterase (BchE), and oxoglutarate dehydrogenase complex (OGDC) \[[@CR2]\].

Many hypotheses have been formulated to explain the pathogenesis of AD. They include different pathological processes such as amyloid deposition, tau protein hyperphosphorylation, metal ion dysregulation, and chronic neuroinflammation processes, which might also be the secondary processes induced as a response to the oxidative stress (OS) \[[@CR3], [@CR4]\].

The AD has a characteristic pathomorphological picture. Among the most important pathomorphological symptoms are the extracellular deposition of Aβ which contains 39 to 42 amino acids (as diffuse or focal deposits) in a form of senile amyloid plaques, or intracellular formation of neurofibrilary tangles (NFT). These processes are accompanied by microgliosis, neurite dystrophy, loss of neurons and synapses, and reactive processes including activation of astrocytes and microglia \[[@CR5]--[@CR8]\]. The National Institute on Aging-Alzheimer's Association has published new recommendations for the postmortem neuropathological assessment of Alzheimer's disease \[[@CR8], [@CR9]\]. The loss of neurons concerns mainly cholinergic neurons, and finally leads to the decrease in the concentration of neurotransmitter acetylcholine in hippocampus and the brain core \[[@CR7]\]. Important disturbances in AD are related to changes in the protein structure. Disturbances in the protein folding result in the protein ability to aggregate. In particular, the presence of insoluble amyloid is dangerous for the brain functioning. The presence of amyloid is detected not only in the brain, but also in other organs and is referred as misfolding diseases \[[@CR10]\]. The essence of AD is not the formation and aggregation of Aβ, which is resistant to the enzymatic proteolysis, but rather disorders in processes of its elimination, changing the equilibrium between the β-amyloid formation and elimination. The Aβ peptide induces the microglia to generate nitric oxide (NO), reactive oxygen species (ROS), proinflammatory cytokines (IL-1β, IL-6, and IL-18), TNF-α, chemokines, prostaglandins such as PGE~2~, enhances the release of nucleotides that contribute to the cell death \[[@CR11]\]. The most important cytokine is IL-1β, since it enhances the expression of other proinflammatory cytokines. The Aβ is released as the amyloid precursor protein (APP). There are two pathways of APP transformation: first with participation of β- and γ-secretases and the second one, important for AD, which involves α-secretases. In the former process, assisted by β- and γ-secretase, the secretion of P11 leads to the formation of β-amyloid. In the non-amyloidogenic process, processing of APP with α-secretase leads to the formation of soluble N-terminal APP protein and P11 peptide called C99 fragment. The long form of β-amyloid (Aβ42) accumulates in the brain forming the insoluble plaques \[[@CR12]\]. Currently, this enzyme is an object of the research aiming to design new anti-amyloid drugs \[[@CR13]\].

Other characteristic pathomorphological feature of AD is the intracellular aggregation of neurofibrillary tangles (NFT), the major component of which is the hyperphosphorylated tau protein. According to the amyloid cascade hypothesis, the NFTs are formed as a result of toxic action of plaques, and they damage the cellular microtubules, what leads to the disturbances in the inter-cellular transmission. In addition, the synaptic degeneration and the death (usually due to apoptosis, rarely due to necrosis) of selected populations of neuronal cells are observed.

Pathological processes lead to the degeneration of neurons and their axons, and consequently to destruction of the signal transmission pathways and the cell death. Accumulation of Aβ in a form of plaques causes many secondary reactions, including the excessive induction of astroglia and microglia, induction of neuroinflammation, release of cytokines, reactive oxygen species, and nitric oxide \[[@CR14]\]. The neuron apoptosis and activation of glia cells lead to the damage of the blood-brain barrier, what facilitates the brain penetration by active immunological cells participating in the spread of inflammatory processes.

Some brain regions are especially susceptible to the pathological changes. In early stages of disease, the pathological changes occur in hippocampus, entorhinal cortex, corpus amygdaloideum, and cerebral cortex \[[@CR15], [@CR16]\]. Some reports confirm that the ventricular system with the cerebrospinal fluid participates in the pathogenesis \[[@CR17]\]. Several factors are considered as AD markers in the cerebrospinal fluid (CSF), including concentration and ratio of Aβ~42~ to Aβ~43~ and Aβ~40~ to Aβ~42~ peptides, amount of tau protein and the level of its phosphorylation, concentration of apolipoprotein E (ApoE), and probably concentration of dimethylarginines and homocysteine \[[@CR2], [@CR18]\]. Purinergic signaling is supposed to participate in that process, since the presence of P2X2, as well as P2X7 and P2Y2 purinoceptors, has been confirmed on the surface of cerebrospinal fluid contacting neurons (CFCN) \[[@CR19]\]. Recently, the presence of P2X7 and P2Y2 was detected on the rat choroid plexus of the brain ventricular system \[[@CR20]\]. Since the Aβ peptides are present in CSF, and the presence of some purinoceptors is confirmed on the neurons of the ventricular system, we hypothesize that there is a relation between them in the AD etiopathology. Recent research confirmed the role of purinergic signaling in the etiology of many diseases and some new drugs have been developed and implemented in their treatment \[[@CR21]--[@CR26]\]. In particular, drugs affecting the purinergic signaling are used in the treatment of Parkinson's disease (Istradefylline) or in the ischemic stroke (Ticlopidine, Clopidogrel, Dipyridamole), but might also be used in the treatment of multiple sclerosis, epilepsy, migrene, neuropathic pain, or psychiatric disorders. Reports on the purinergic signaling enlight the possibilities of development and application of such drugs in the treatment of AD, becoming the threat for the aging society. \[[@CR27]\]

Purinergic signaling in the central nervous system {#Sec2}
==================================================

Ecto-purines and ecto-pyrimidines are present in the extracellular milieu of the central nervous system (CNS) and they act as the signaling molecules. These compounds participate in the neurotransmission, induction of inflammatory processes, and modulation of the sensory signals, including conduction of the pain signals. Moreover, nucleotides and nucleosides participate in the blood pressure regulation, in hemostasis with the blood platelet aggregation and in immunological processes.

In CNS, ATP has a pro-inflammatory and pro-apoptotic action. In turn, adenosine and guanosine are involved in the neuroprotection according to different mechanisms \[[@CR28]\]. The complex relations between adenosine nucleotides, the ecto-enzymes metabolizing adenosine nucleotides, and purinergic receptors are shown on Fig. [1](#Fig1){ref-type="fig"}. Purinoceptors have been divided into P2 receptors activated by the adenine nucleotides (ATP, ADP) and pyrimidines (UTP and UDP), as well as P1 receptors activated only by adenosine \[[@CR29]\]. In turn, P2 receptors are divided into ionotropic P2X and metabotropic P2Y receptors \[[@CR30], [@CR31]\]. Both P2X and P2Y, but also nucleoside triphosphate diphosphohydrolases (NTPDases) and 5′-nucleotidase (CD73), are found in all CNS cells - neurons, astrocytes, oligodendrocytes, microglia cells, and on endothelial cells and T lymphocytes. Receptors P2X4, P2X7, P2Y6, and P2Y12 are found on microglia cells \[[@CR32]\]. The presence of seven sub-types of P2X and eight sub-types of P2Y in CNS has been reported \[[@CR33]\]. Ecto-nucleotidases affect the concentration of ecto-nucleotides, in this way changing the nucleotide-related signaling. ATP and ADP are hydrolyzed by NTPDases and 5′-nucleotidases into adenosine, another signaling molecule stimulating P1 receptors. It was shown that in brain core and hippocampus, the neuron cell membranes reveal high activity of NTPDase1 and NTPDase2. Also, high activity of ecto-5′-nucleotidase and ecto-adenosine deaminase was detected in majority of brain regions while that of adenosine kinase only on astrocytes \[[@CR34]\]. The tissue non-specific alkaline phosphatase (TNAP) is a CNS ectoenzyme involved in degradation of ATP to adenosine \[[@CR35], [@CR36]\]. It was demonstrated that TNAP activity is significantly increased in the brain in the plasma in both the sporadic and familial forms of AD and that TNAP is related to neuronal toxicity via tau dephosphorylation and could cause the neuronal loss in AD \[[@CR35]\].Fig. 1Relationships between ecto-enzymes metabolizing adenosine nucleotides, adenosine nucleotides, and purinergic receptors in CNS, which are related to the etiology of Alzheimer's disease

The G protein-dependent P1 receptors are divided into A1, A2A, A2B, and A3 \[[@CR37]\]. In CNS, the adenosine receptors are found on the neurons and glia cells (astrocytes and microglia). Some controversies concern the presence of A2B receptors on the microglia cells. So far, the only reliable report on their presence is that by Koscsó et al., showing that adenosine enhances the production of IL-10 via activation of A2B receptors present on the microglia cells \[[@CR38]\]. Adenosine is produced both inside and outside the cells in the process of AMP degradation assisted by 5′-nucleotidases \[[@CR39]\]. Also, adenosine can be directly released from neurons and astrocytes via exocytosis. However, the dominating mechanism determining the concentration of adenosine in the extracellular spaces is assisted by bidirectional equilibrative nucleoside transporters (ENTs). The adenosine conversion proceeds by phosphorylation into AMP that is catalyzed by adenosine kinase or by deamination into inosine assisted by adenosine deaminase \[[@CR39]\].

Neuroinflammation initiates the neurodegenerative processes, including AD, by activation of adenosine A1-3 receptors, activation of P2X receptors by ATP, and activation of nucleotide P2Y receptors by ATP, ADP, UTP, UDP, and UDP-glucose \[[@CR6], [@CR40]\]. However, little is currently known about role of purines in the etiopatogenesis of AD. Possibly, the new insight will be provided by genetic research, such as the recent report by Ansoleaga et al., showing the disorders in the purine metabolism \[[@CR41]\]. That research focused on the gene expression in the brain regions such as entorhinal cortex, frontal cortex, or hippocampus-precuneus in the AD Braak and Braak stages I--II, III--IV, and V--VI (Table [1](#Tab1){ref-type="table"}). The AD patients revealed the dysregulations in the messenger RNAs---APRT, DGUOK, POLR3B, ENTPD3, AK5, NME1, NME3, NME5, NME7, and ENTPD2, when compared to the control group \[[@CR41]\].Table 1Braak and Braak stage: this approach evaluates primarily the distribution of neurofibrillary tangles (NFT) within the brain (modified from The National Cell Repository for Alzheimer's Disease, NCRAD)StageNFT distributionTypical clinical impressionI/IIEntorhinalNormal cognitionIII/IVLimbicCognitive impairmentV/VINeocorticalAlzheimer's disease

Relations between the oxidative stress and the cellular levels of nucleotides {#Sec3}
=============================================================================

The oxidative stress (OS) is a state in which the intracellular generation of reactive oxygen species (ROS) exceeds the efficiency of both non-enzymatic and enzymatic anti-oxidation mechanisms \[[@CR7]\]. In AD, the β-amyloid peptide 1-42 (insoluble form) reveals the neurotoxic action via the oxidative stress. Aβ causes the formation of ROS, in particular hydrogen peroxide, which is capable of reacting with the metal ions present in the senile plaques. The oxidative stress results in the damage of proteins, lipids, and nucleic acids. Due to the low efficiency of the antioxidative system, brain is at higher risk related to the OS than other organs. In course of AD, many neurons undergoing apoptosis resulting from the OS reveal high concentration of some proapoptotic proteins such as caspase-3 and Bax (pro-apoptotic protein Bcl-2-associated protein X) \[[@CR42]\].

In AD, some significant disturbances occur in the ATP conversion and the neuron energy balance \[[@CR43]\]. These disorders affect mitochondria and formation of ATP \[[@CR44], [@CR45]\]. It was shown that the reactive oxygen species accumulate in cells, what causes the damage of mitochondria, and that process further enhances the formation of ROS \[[@CR46]\]. These processes disturb the function of cells and lead to apoptosis. Damages caused by ROS disturb the electric potential of mitochondria membranes and lead to the increase in concentration of the intracellular ATP \[[@CR47]\]. Research by Camandola et al. showed the disorders of Cl^−^-ATPase and Na^+^/K^+^-ATPase in brain of AD patients, what caused the lowering of Na^+^, K^+^, and Cl^−^ ion gradient between cell membranes, leading in consequence to the cellular excitotoxicity and neuronal apoptosis \[[@CR48], [@CR49]\]. Therefore, the mitochondria dysfunction in AD consists of lowering the activity of complex IV (cytochrome c oxidase), lowering activity of other enzymes of the tricarboxylic acid cycle, and mutations in mRNA \[[@CR7]\]. However, the complete mechanism of complex IV damage is not yet understood.

Research on animals revealed that in the brain cells, especially in astrocytes, the significant increase of ATP concentration leads to the inflammatory processes, resulting in the accumulation of the reactive oxygen species (ROS) \[[@CR43]\]. In AD, under oxidative stress, mitochondria do not maintain the level of cell energy by decreased ATP production in neurons \[[@CR50]\]. It was also shown that lowering of the energy metabolism by impaired mitochondria, including those damaged under OS, results in occurrence of dysfunctional astrocytes common in AD patients \[[@CR46], [@CR51]\]. Finally, the disturbances in the cerebral ATP lead to the impaired cognitive ability. \[[@CR43]\]

Currently, the efficient way of mitochondria protection in AD is investigated \[[@CR47], [@CR52]\]. Among synthetic antioxidants, the MitoQ, SS31, and ASS234 peptides, as well as donepezil (acetylcholinesterase inhibitor), are investigated \[[@CR7], [@CR53], [@CR54]\]. The endogenous compounds of potential antioxidant action include melatonin, glutathione, or peroxiredoxins (Prdx) \[[@CR7]\]. The plant-originated compounds of potential antioxidant activity include caffeine, gypenoside XVII (GP-17), and acteoside, an antioxidant phenylethanoid glycoside extracted from *Verbascum sinuatum* named "verbascoside" \[[@CR7]\]. The in vivo research on the cellular model of early form of AD showed that the rice bran extract has a protective action against disorders in the mitochondria action \[[@CR52]\]. The rice bran extract contains such compounds as oryzanol, vitamin E (tocopherol), and tocotrienols. In that research, use of the rice bran extract resulted in the increase of the cell respiratory index and the intracellular ATP concentration.

The hippocampus samples collected post mortem from patients with AD revealed the high concentration of hemeoxygenase-1 (HO-1), but also, serine phosphorylation was significantly higher than in the control group \[[@CR55]\]. The hemeoxygenase-1 and biliverdin reductase-A are considered to protect cells against the oxidative stress. Very few and contradictory reports exist on the effect of the purinergic signaling on the oxidative stress. Research on the animal model showed that ADP and its stable derivatives, such as 2-methyl-thio-ADP (2MeSADP), activate P2Y13 receptor causing an increase in the HO-1 activity in cerebellum neurons and in this way having the cytoprotective action \[[@CR56]\]. In contrast, it was shown that ATP and 2MeSADP do not affect the death rate of neurons in the hippocampus region \[[@CR57]\]. Research on mice revealed that during the oxidative stress, expression of MCAT (mitochondria-targeted antioxidant catalase) prevents the abnormal APP conversion, reduces Aβ levels, and enhances the activity of Aβ-degrading enzymes \[[@CR58]\].

Role of purinergic signaling of circulatory system in Alzheimer's disease {#Sec4}
=========================================================================

Occurrence of AD symptoms is sometimes preceded by pathological changes in the brain vascular system, including accumulation of Aβ in the walls of blood vessels (cerebral amyloid angiopathy) and lowering of cerebral blood flow (CBF) \[[@CR59]\]. Research on humans suggests that Aβ causes vasoconstriction of brain vessels triggered by free radical formation \[[@CR6]\]. These disorders lead to the brain hypoxia and the damage of the blood-brain barrier. Purinergic signaling participates in both vasoconstriction (vasospasm) and vasodilatation. ATP released from endothelial cells and blood platelets participates in the microcirculation in the brain by activation of P2X and P2Y receptors and the release of the endothelium-derived relaxing factor (EDRF) into the blood. Also, UTP participates in the brain vasodilatation in a process dependent on the endothelial P2Y2 receptors, what results in the lower blood pressure \[[@CR6]\]. The released ATP from perivascular sympathetic nerves and damaged endothelial cells can be involved in the mechanism of local vasoconstriction via activation of P2X1 and P2Y2,4,6 receptors present on smooth muscles \[[@CR25], [@CR60], [@CR61]\]. Experiments indicate that P2Y1,2,4,6 present on endothelial cells play an important role in preventing the vasoconstriction of brain vessels and lowering the CBF caused by Aβ-triggered release of NO, prostaglandins, and EDHF, and that process seems to be important at the initial stages of AD \[[@CR6], [@CR61]\].

Role of adenosine and adenosine receptors in the Alzheimer's disease {#Sec5}
====================================================================

Adenosine is responsible for the integration and regulation of the neuron activity and affects such physiological processes as sleep and wakefulness, cognitive processes, memory, learning. It also has the neuroprotective action by preventing the neuron damage, what is important in moderating the pathological processes such as neurodegeneration \[[@CR62], [@CR63]\]. Since several neurodegenerative diseases may coexist, the common element might be disorders in the adenosine metabolism \[[@CR8]\]. In the extracellular space, adenosine affects these processes by activation of P1 receptors (A1, A2A, A2B, and A3) \[[@CR16]\]. Activation of P1 also affects the permeability of the blood-brain barrier \[[@CR64]\]. Activation of adenosine receptors affects the release of stimulating neurotransmitters (glutamates), what results in either the receptor inhibition (A1, A3) or the increase of their release (A2), affecting the communication between neurons \[[@CR65]\]. It is hypothesized that signalization with adenosine, via activation of A1 and A2A, might be a future way of affecting the integrity of dopaminergic and glutaminergic signaling, BNDF (brain-derived neurotrophic factor), and also changing the synaptic plasticity (e.g., provoke the long-lasting excitation or inhibition) in the brain regions responsible for learning and memory \[[@CR63]\]. Currently, the A1 and A2A receptor antagonism is the most well-studied potential therapeutic approach involving P1 receptors in neurological disorders. On the other hand, the experimental evidences suggest that A2B and A3 receptors might also be the interesting therapeutic targets in the CNS diseases \[[@CR66]--[@CR68]\].

Research showed that during AD, different activity of adenosine receptors is observed, but also, brain regions significantly differ in their expression. The up-regulation of A1 and A2A receptors in the frontal cortex was detected \[[@CR69]\]. In AD patients, the decreased expression and amount of A1 were found in hippocampus, particularly in dentate gyrus, and in CA1 region, while in CA3, the amount of A1 receptors was normal \[[@CR70]--[@CR74]\]. Contrary, the increased amount of A1 and A2A receptors and their increased activity were detected in frontal cortex \[[@CR69], [@CR72]\]. Among other brain regions of AD patients, the noticeable decrease in the amount of striatal A1 receptors was reported \[[@CR75]\]. Also, the use of positron emission tomography (PET) in AD patients revealed the significantly lower ability of binding \[(11)C\]MPDX to A1 receptors in temporal and medial temporal cortices and thalamus \[[@CR76]\].

Among the brain structures affected by the pathological process, the increased immunoreactivity of A1 receptors was detected in neurofibrillary tangles and on dystrophic neurites of senile plaques. Activation of A1 influences the formation of soluble forms of Aβ and tau protein phosphorylation, what suggests the participation of these receptors in the AD etiology \[[@CR77]\]. In this paper, an involvement of A1 in tau phosphorylation by a mechanism involving MAP kinases and its translocation towards cytoskeleton was demonstrated. In the same report, the postmortem examination of AD patients has shown that on neocortical and hippocampal senile plaques, the co-localization of A1 and β-amyloid occurs.

Epidemiological studies in humans have shown the beneficial cognitive effects of caffeine (nonselective A2A receptor antagonist) that have been related to a lower risk of developing AD, but also PD and dementia \[[@CR78]\] or reduced age-related deterioration of cognitive abilities \[[@CR79]\]. For animal models (transgenic mouse model of AD; AD-like pathology in rabbit hippocampus), the indirect evidences for participation of adenosine A1 and A2A receptors in AD are also reported. That research showed that the non-selective antagonists of A1 and A2A (e.g., caffeine) or coffee consumption have a positive effect for improvement of cognitive functions \[[@CR63], [@CR80]--[@CR82]\]. Results of Cao et al. \[[@CR80]\] can be summarized with two conclusions. First, in several mice lines and in aged AD mice, the rapid or long-term administration of caffeine results in lowering the concentrations of Aβ in plasma and brain, suggesting the positive effect of caffeine in AD. Second, the Aβ concentration in plasma does not correlate with the levels of Aβ deposition in the brain, as well as with the cognitive performance in aged AD mice. Giunta et al. have shown that simultaneous inhibition of A1 and A2A protects the neuroblastoma cells exposed to aluminum chloride against the toxic action of β-amyloid \[[@CR73]\]. Research on the same cells revealed that activation of A1 results in activation of protein kinase C (PKC), p21 Ras (protein activator 1), and the extracellular signal regulated kinase ERK1/2, what leads to the increase in the amount of the soluble Aβ \[[@CR72]\]. These results are very important, since they suggest the A1 involvement in the Aβ metabolism, and also that the use of A1 agonists may be an efficient way of AD treatment even at the late stages.

The in vivo research showed that activation of adenosine A1 and A2A receptors affects the permeability of the blood-brain barrier (BBB) \[[@CR64]\]. Their activation enhances the brain penetration by the intravenously administered macromolecules and other molecules, such as dextran and Aβ antibodies. Administration of A1 and A2A agonists in transgenic mice deprived of these receptors resulted in lower penetration of dextran into the brain. These results show that by activating A1 and A2A, adenosine affects the permeability of BBB and in this way facilitates the penetration of macromolecules into the brain. Since the half-life of adenosine is less than 10 s, its role under physiological conditions might be important only at the site of its formation. Drugs with the action mechanism similar to lexiscan or A2A agonists enhancing the permeability of BBB and penetration of molecules into CNS give hope for development of new therapeutic methods for different neurodegenerative disorders including AD.

Role of adenine nucleotides and P2 receptors in the Alzheimer's disease {#Sec6}
=======================================================================

In CNS, the P2 receptors (P2X and P2Y) present on neurons and glia cells (astrocytes, microglia, and oligodendrocytes) affect the degradation of amyloid precursor protein (APP) by metalloproteases, cell differentiation, nociceptive transmission, release of cytokines, and apoptosis \[[@CR83]\]. Weisman et al. detected expression of P2Y1,2,4,6,11,12,13,14 receptors in the brain and the presence of P2X3, P2X5, P2X6, P2X7, and P2Y1,2,4,6,12,13 receptors on neurons \[[@CR33]\]. Also, in AD patients, the changes in expression of P2Y1,2,4 were reported \[[@CR6]\]. Many sub-types of P2 receptors are found on monocytes (P2X1, P2X4, P2X7, and P2Y1,2,4,6,11,12,13) and endothelial cells (P2X4 and P2Y1,2,4,6,11) \[[@CR84]\]. In that context, it should be noted that P2 receptors participate in regulation of the cellular immune responses coexisting with the neuroinflammation.

In CNS, ATP is released from cells to the intercellular space according to both lytic and non-lytic mechanism. Activation of P2X7 present on microglia cells is related to generation of superoxide \[[@CR85]\]. Recent experiments have proven that in CNS, both ATP and ADP might lower the Aβ concentration in the intercellular space \[[@CR86]\]. The tau protein participates in formation of microtubuli cellulares by polymerization of tubulin, which in turn forms a neuron cytoskeleton and plays an important role in the intracellular transport. Disorders associated with an increased production of tau protein are characteristic for the group of neurodegenerative diseases called tauopathies. Neurotoxicity of the tau protein is related to its hyperphosphorylation, conformational changes, and finally aggregation. It was shown that the N-terminal fragment of tau protein contains the ATP and not GTP binding site \[[@CR87]\]. Binding of ATP to tau protein induces the tau self-assembly into cellular filaments. Aβ is thought to trigger toxic events, including tau phosphorylation. Accordingly, the depletion of tau prevents Aβ toxicity in AD models.

The generally accepted concept is that in AD, the Aβ induces the phosphorylation of tau protein. It was shown that cognitive dysfunction in AD can be correlated with the tau, but not Aβ pathology \[[@CR88]\]. Recently, the research on the mice models of AD \[[@CR89]\] proved that at early stages of AD, tau protein phosphorylated at the specific site at postsynapse (T205) has a protective role. These results indicate that tau phosphorylation is involved in normal signaling inter neurons, and it is the aberrant phosphorylation of tau which results in the neuron dysfunction.

Amyloidogenic peptide, oligomeric Aβ42, found in elevated levels of AD patient's brains, was shown to induce the release of ATP from primary cortical astrocytes in mice \[[@CR90]\]. There are many reports on degradation of β-amyloid by IDE protease (insulin-degrading enzyme) \[[@CR91], [@CR92]\]. ATP was reported to affect the β-amyloid degradation in a presence of IDE \[[@CR93], [@CR94]\]. It was shown that ATP activates the IDE degradation of small peptides, but it decreases the rate degradation of large peptides like Aβ42. The presence of ATP decreases the speed of β-amyloid degradation by factor of 10 \[[@CR94]\].

Receptors P2X {#Sec7}
=============

P2X receptor subtypes are widely expressed in the CNS in both neurons and glial cells. They regulate a variety of physiological and pathophysiological processes in the CNS, including neurotransmitter release, neuroinflammation, and pain sensation.

Receptors P2X7 {#FPar1}
--------------

The P2X7 receptors play a crucial role in the neuroinflammation and neurodegeneration. These receptors, belonging to the family of ionotropic receptors, are activated by ATP in high concentration (\> 0.1 mM). P2X7, present on neurons, microglia cells, macrophages, and some lymphocytes, mediates the influx of Ca^2+^ and Na^+^ ions into the cell \[[@CR95], [@CR96]\]. Alzheimer's Aβ peptide was shown to interfere with the P2X7-mediated circadian rhythms of the intracellular calcium levels \[[@CR97]\]. Furthermore, recent results \[[@CR98]\] show that activation of P2X7 affects alpha-synuclein (ASN)-induced intracellular free calcium mobilization in neuronal cells and leads to the formation of the active complex by pannexin 1, responsible for ATP release. Simultaneously, ASN decreases the ATP degradation by ecto-ATPases. Occurrence of this receptor on the microglia and immunological cells implies its participation in the immunological and neuroinflammatory processes, but also in the neurodegenerative and neuropsychiatric diseases and conduction of neuropathic pain \[[@CR99]\]. Activation of P2X7 results in the activation of transcription factors and apoptosis. The especially detriment result of the P2X7 activation is the enhanced release into the intercellular spaces the proinflammatory cytokines, mainly IL1-β, in which elevated levels have been detected in the AD brains, but also IL-18, IL-6, IL1-α, INF-γ, and TNF-α, which are responsible for the progression of Alzheimer's disease \[[@CR100]\]. In the human AD brain, the increased expression of P2X7 receptor has been shown to coexist with activated microglia surrounding Aβ plaques \[[@CR95]\]. Moreover, activation of this receptor on the microglia cells by ATP is responsible for generation of hydrogen peroxide \[[@CR85]\]. Research of Sanz et al. indicates the negative association between the P2X7R 489C\>T polymorphism and AD \[[@CR101]\].

It is hypothesized that in AD, β-amyloid in the soluble or fibrillar form induces the neuroinflammatory processes in the brain. Probably, the microglia cells participate in the loss of neurons, in which Aβ is also involved. Research on animal models indicates that Aβ causes the increase in the concentration of intracellular Ca^2+^, release of ATP, and secretion of IL-1β \[[@CR102]\].

The current research proved that P2X7 regulates the α-secretase activity according to two opposite mechanisms. It was shown that activation of the P2X7R affects the activity of PKC, MAPKs, or GSK3 \[[@CR103]\], which in turn modulate the APP processing and Aβ production. The first mechanism is related to the inhibition of glycogen syntase kinase (GSK-3β). The in vivo research on native J20 hAPP transgenic mouse bearing human APP with K670N/M671L (Swedish) and V717F (Indiana) mutations showed that inhibition of P2X7 on neurons and microglia cells decreased the amount of plaques in hippocampus region \[[@CR104], [@CR107]\]. Also, inhibition of native or overexpressed form of P2X7 resulted in the increased activity of α-secretase via inhibition of activity of GSK-3β. The direct inhibition of GSK-3β had the same effect. Research on animals showed that inhibition of P2X7 had a neuroprotective action \[[@CR105]\]. Administration of Aβ into the hippocampus region resulted in the increased expression of P2X7, gliosis, increased permeability of BBB, and loss of neurons in the hippocampus region. On the other hand, administration of P2X7 antagonist (brillant blue) decreased the expression of P2X7, gliosis, and BBB permeability and had the neuroprotective action \[[@CR105]\].

The second mechanism was reported recently. The research on mouse neuroblastoma cells expressing human APP, human neuroblastoma cells, and mouse astrocytes demonstrated that stimulation of P2X7 activates the enzymatic cascade enhancing the α-secretase activity and leading to the cleavage of APP and formation of soluble and non-neurotoxic sAPPα \[[@CR106]\]. In turn, sAPPα formation was inhibited by P2X7 antagonists, knockdown of P2X7 with siRNA or in P2X7-deficient mice. In that research, those modules Erk1/2 and JNK of the mitogen-activated protein kinase are involved in the P2X7R-dependent α-secretase activity. Also, authors showed that knockdown of disintegrin and metalloproteinases ADAM9, ADAM10, and ADAM17 by specific siRNA have not affected the P2X7-dependent non-amyloidogenic processing of APP.

Obtaining the opposite, contradictory effects related to the P2X7 action leading to α-secretase might be explained by the use of different animal models in both investigations and examining of different enzymatic pathways. Possibly, it points out that in AD, both mechanisms of α-secretase activation might be the interesting therapeutic targets.

The intense research was focused on development of β- and γ-secretase inhibitors for the AD treatment. Although different inhibitors have been obtained, their use might be accompanied with the substantial limitations, since downregulation of β- and γ-secretases can cause the significant side effects. Therefore, the alternative way would be the stimulation of α-secretase. That should have the positive effect, since activation of α-secretase was reported to prevent the Aβ deposition and result in a formation of neuroprotective sAPPα \[[@CR106]\]. An interesting research showed that stimulation of P2X7 and P2Y2 has the opposite effects on the α-secretase activity. While the P2X7 stimulation decreases its activity, the P2Y2 activation results in its enhancement \[[@CR107]\]. Consequently, it might be expected that an increase of the α-secretase activity can be achieved by simultaneous inhibition of P2X7 and stimulation of P2Y2 receptors, and it could be a promising therapeutic targets in AD.

Other P2X receptors {#FPar2}
-------------------

Participation of neuron P2X3 receptors and P2X2/P2X3 receptor heterotrimers and microglia P2X4 receptors in regulation of pain sensation was reported \[[@CR68], [@CR108]\]. Expression of P2X receptor subtypes in the CNS depends on brain region and the cell type. High expression of P2X2, P2X4, and P2X6 receptors was reported for neurons, and their activation was shown to induce both pre- and post-synaptic responses. Although the therapeutic use of P2X7 as potential targets in AD therapy was recently reported \[[@CR68]\], other P2X subtypes have not been investigated in that context.

Receptors P2Y {#Sec8}
=============

All subtypes of P2Y receptor present in CNS (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11--14) are activated by ATP, UTP, adenosine 5′-diphosphate (ADP), uridine 5′-diphosphate (UDP), and UDP-glucose \[[@CR109]\]. P2Y receptors are expressed in neurons, astrocytes, microglia, and oligodendrocytes. The complex role of P2Y was extensively investigated \[[@CR6]\]. In the brain, receptors P2Y affect the neuron activity and function of the neurovascular system, but also participate in the neuroinflammatory processes. Their important beneficial effect is induction of the neuroprotective processes, especially during the neuroinflammation. P2Y affect the conversion of non-amyloidogenic APP, release of cytokines and chemokines, microglia migration, endocytosis of cells by microglia, degradation of neurotoxic Aβ. P2Y receptors also participate in the cellular immune responses to the oxidative stress, axonal outgrowth and neurite extension in neurons, regulation of neurotransmission, and vasodilatation dependent on endothelium \[[@CR90]\]. It should be noted that Aβ not only causes the nucleotide release from cells, but also upregulates P2Y, especially at initial stages of AD. In a course of AD, activity of P2Y gradually decreases, as shown by the post-mortem examination/research of human patients.

Receptors P2Y1 {#FPar3}
--------------

In humans, P2Y1 is wide-spreaded in the brain, especially on neurons of the brain core or hippocampus and on oligodendrocytes \[[@CR110], [@CR111]\]. That research showed the presence of P2Y1 on pathological structures which are characteristic for AD, such as neurofibrilary tangles, neuritic plaques, and neuropil threads. Currently, the reason for such distribution and role of P2Y1 in the brain is not known. It is supposed that activation of P2Y1 triggers the neuroprotective action in a response to the increased concentration of extracellular ATP stimulating the receptor and subsequently the release of IL-6 \[[@CR57]\]. As reported for animal models \[[@CR112]\], the reactive astrogliosis was detected around neuritic plaques. Increase in astrogliosis activity was suppressed by inhibition of P2Y1 receptor, the high expression of which was found on reactive astrocytes present around neuritic plaques. Contrary, the latest results indicate that activation of P2Y1 receptors in astrocytes may contribute to the neurodegeneration \[[@CR68]\]. These results suggest that the ability to increase the proliferation of neural stem cells (NSC) through the activation of P2Y1 receptors could be a novel therapeutic way to promote the neuron regeneration in the hippocampus of AD patients.

Receptors P2Y2 {#FPar4}
--------------

ATP or UTP, by activation of P2Y2 coupled with G~q~ protein, cause the increased activity of phospholipase C (PLC). That leads to the increased production of inositol 1,4,5 trisphosphate (IP~3~) and diacylglycerol, and in consequence to the elevated intracellular concentration of Ca^2+^ and activation of protein kinase C (PKC) \[[@CR33]\]. In the brain, P2Y2 is present on neurons, astrocytes, microglia cells of hippocampus and cerebellum regions, and on the endothelial cells \[[@CR113]\]. In AD patients, expression of P2Y2 is significantly enhanced on the brain core neurons with the increasing concentration IL-1β \[[@CR14]\]. Activation of P2Y2 significantly affects the innate immunity processes such as the monocyte penetration into the damaged tissues, action of neutrophiles in bacterial infections and esinophiles in the pulmonary allergic diseases \[[@CR114]\]. The β-amyloid causes the increased ATP release and enhanced expression of P2Y2 on microglia cells and erythrocytes \[[@CR6]\]. Such expression of P2Y2 is observed only at initial stages of AD, but it was shown that the P2Y2-assisted neuroprotection gradually diminishes in the course of the disease \[[@CR114]\]. Activation of P2Y2 on the brain core neurons causes the increased degradation of APP assisted by α-secretase, what results in a formation of the soluble sAPPα protein rather than the neurotoxic Aβ~1--42~ peptide \[[@CR6], [@CR115]\]. In mouse primary microglial cells, activation of receptors P2Y2 by UTP induces the uptake and degradation of Aβ1--42 \[[@CR116]\]. In CNS, activation of P2Y2 by ATP and UTP triggers the neuroprotective action related to stimulation and recruitment of microglia cells and neurorepair processes. That proceeds via the Src-dependent transactivation of growth factor receptors, finally leading to ERK1/2 and p38 activation of cell proliferation and neurite outgrowth \[[@CR90]\]. For CNS, contradictory effects of P2Y2 activation were reported, depending on the receptor localization, but the predominant opinion is that the activation has neuroprotective effects.

Possible role of other P2Y receptors in Alzheimer's disease {#Sec9}
===========================================================

Other receptors such as P2Y (P2Y4, P2Y6, P2Y13, and P2Y14) are supposed to be involved in the AD etiopathogenesis, although no strong evidence are reported \[[@CR6], [@CR117]\]. Authors emphasize that in AD, stimulation of P2Y4 may trigger the neuroprotective effect and play a significant role in the uptake of Aβ1--42. Similar effects are indicated by experiments revealing in AD the protective role P2Y14 via suppressed expression of metalloprotease-9 \[[@CR6]\]. In turn, activation of P2Y13 results in the enhanced expression of transcription factor Nrf2 and the cytoprotective heme-1 oxygenase (HO), what prevents the neuron death in the oxidative stress \[[@CR56]\].

Purinoceptor-mediated response of the central nervous system cells {#Sec10}
==================================================================

Microglia cells {#FPar5}
---------------

In CNS, microglia cells have important immunoregulation functions, and in different brain disorders, they undergo fast transformation into the active form. The role of microglia in CNS is similar to that of monocytes/macrophages in the peripheral blood \[[@CR118], [@CR119]\]. The neuroprotective role of microglia in AD is manifested by their ability to migrate towards the Aβ plaques, neutralization of the neurotoxic activity of Aβ by phagocytosis, and degradation of Aβ \[[@CR6]\]. The in vivo research has shown that resident microglia cells migrate fast (1--2 days) towards new plaques \[[@CR120]\]. Although there are reports that microglia cells might have either neuroprotective or neurotoxic action \[[@CR121]--[@CR123]\], in the prevailing opinion, their neuroprotective role is dominating. The negative result of activation of microglia cells and astrocytes is release of pro-inflammatory signaling molecules such as cytokines, growth factors, complement molecules, and adhesion molecules \[[@CR124]\]. That research has also shown that activated microglia cells release mainly interleukin 1β, while astrocytes release cytokine S100β.

The role of microglia is related to their P2Y2 receptors. Research with the animal model of AD (TgCRND8 mice) showed the increased expression of P2Y2 during initial 10 weeks of life, which diminished after 25 weeks. In the brains of TgCRND8 mice, the P2Y2 receptor is important for activation of microglia cells and might affect the neuroprotective mechanisms via clearance of fibrillar Aβ~1--42~ \[[@CR114]\]. P2Y2 receptors present on glia cells affect different intracellular signaling pathways by activating integrins, growth factor receptors, and phospholipase C \[[@CR90]\].

In AD, the important role is played by neuroinflammation and activation of immune system. Inflammatory processes are divided into acute (beneficial) and chronic (detrimental). Acute inflammatory processes activate the tissue repair, while the chronic ones lead to the neurodegeneration. In the brain, in the lesion site, the acute inflammatory processes cause the protective effect, since the activated microglia cells release cytokines, chemokines, and most importantly the growth factors participating in the neurorepair \[[@CR124]\]. Adenosine participates in these processes by stimulation of cell proliferation and angiogenesis \[[@CR125], [@CR126]\]. Both mechanisms and the timescale of transformation of the acute neuroinflammation into chronic one are still unknown. In the initial stage of the chronic neuroinflammation, the microglia cells are activated, subsequently releasing ATP and cytokines into the extracellular space \[[@CR124]\]. In turn, the released ATP stimulates the P2Y2 receptors on microglia, what leads to further release of cytokines and spreading of the inflammatory process. The prolonged release of pro-inflammatory factors (e.g., IL-1β) causes the enhanced expression of P2Y2 on neurons and glia cells, while IL-1β, IL-6, and TNF-α cause the intensified microglia migration and proliferation \[[@CR33]\]. Moreover, P2Y2 agonists ATP and UTP, released from apoptotic cells, induce the migration of cells capable of phagocytosis \[[@CR127]\]. According to the amyloid cascade/neuroinflammation hypothesis, deposition of Aβ results in prolonged microglia activation with detrimental neuroinflammatory reaction caused by the release of pro-inflammatory cytokines, neurotoxins, and free radicals that cause the neurodegeneration \[[@CR128], [@CR129]\].

The above results indicate that in designing new way of AD treatment, one has to take into consideration the interruption of transformation of the acute neuroinflammatory process into the chronic process, what should be linked to the decreased reactivity of P2Y2 receptor (e.g., by the use of its antagonist).

Astrocytes {#FPar6}
----------

In AD, the reactive astrocytes are frequently found near plaques, and astrogliosis intensifies with the progression of pathological changes. Aβ plays an important role in their activation. Currently, the AD research is focused on the role of reactive astrocytes in the degradation of extracellular Aβ deposits and in immunological processes \[[@CR8]\]. One of the roles of astrocytes is preventing the penetration of the brain/blood barrier by noxiousness substances that might participate in the neurodegeneration \[[@CR130]\]. Astrocytes release the neurotrophic factors involved in the neuronal survival \[[@CR131]\]. The most important cytokine released by the activated astrocytes is S100β, the overexpression of which was found in the brain of the AD patients \[[@CR132]\]. Interaction of P2Y2 with integrins activates the astrocyte migration. Regulation of synaptic transmission is related to the interactions between astrocytes and neurons \[[@CR133]\]. It is currently known that formation of the gap functions between adjacent astrocytes involves connexin 30 (Cx30) and connexin 43 (Cx43) \[[@CR131]\]. However, the precise mechanism of astrocyte involvement in the physiology of synaptic transmission is still not known.

During the neuroinflammation, astrocytes undergo the morphological and functional transformation, what is referred as the reactive gliosis. During that transformation, the hypertrophy and proliferation occur. The oligomeric β-amyloid peptide Aβ~1--42~ causes the increased release of nucleotides from astrocytes, what results in the stimulation of the neuron P2Y2 receptors. In the brains of AD patients, the reactive astrogliosis is not only accompanied by activation of migration and proliferation of glia cells, but also activation of phagocytosis of cells damaged during apoptosis. By activation of G~q~-dependent receptor P2Y2 on glia cells, ATP and UDP affect different metabolic processes, but also the cell migration and proliferation, which are associated with the reactive astrogliosis. Research on rats showed the upregulation of the astrocyte P2Y2 in the brain core and nucleus accumbens as a result of the mechanical injury \[[@CR134]\]. Supposedly, similar mechanism occurs during neurodegeneration.

Neurons {#FPar7}
-------

Activation of the microglia P2X7 enhances the release of ATP, IL-1β, and INF-α. In turn, ATP released from microglia activates P2Y2 receptor on neurons and other cells. In addition, activation of NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) in neuroinflammation triggers the IL-1β release, what results in the upregulation of P2Y2 receptors on neurons \[[@CR115]\]. That process enhances the nucleoside-induced non-amyloidogenic processing of APP, cofilin phosphorylation, and the neuroprotective processes \[[@CR90]\]. Increased activity of the neuron P2Y2 caused by pro-inflammatory cytokines assists the neuroprotective responses, including activation of the non-amyloidogenic APP processing \[[@CR115]\]. Therefore, in AD, the increased activity of P2Y2 and agonists of that receptor might have the neuroprotective role related to the inhibition of neuroinflammatory processes.

Endothelial cells {#FPar8}
-----------------

Activation of P2Y1,2,4,6 receptors present on endothelial cells results in vasodilation via the release of nitric oxide (NO), endothelium-derived hyperpolarizing factor (EDHF), and prostaglandins \[[@CR61]\]. Therefore, stimulation of these receptors might prevent the vasoconstrictive action of Aβ. Activation of P2Y2 on endothelial cells causes binding of monocytes to the endothelial wall and their diapedesis, and that process enhances the neuroprotective action of the microglia cells \[[@CR33]\].

Summary {#Sec11}
=======

The research summarized here points out to several ways of AD treatment targeting the purinoceptors. Aβ accumulating in the brain induces the release of ATP into the extracellular milieu, which in turn activates P2X7 receptors and leads to the enhanced generation and release of many pro-inflammatory factors. The P2X7 antagonists might diminish the intensity of neuroinflammation and decrease the amount of amyloid plaques in hippocampus. Currently, potential anti-AD drugs are investigated, including inhibitors of γ-secretase, inhibitors of Aβ aggregation, anti-amyloid factors such as neprilysin, insulin-degrading enzyme IDE, and Aβ antibodies. Also, activation of α-secretase prevents the β-amyloid deposition and causes the formation of the neuroprotective fragment sAPPα. Activation of P2X7 receptor leads to the decreased activity of α-secretase, while stimulation of P2Y2 has the opposite effect. Therefore, an interesting perspective for AD treatment based on the α-secretase activation would be the simultaneous suppression of P2X7 and stimulation of P2Y2.

Oxidative stress is one of the factors responsible for the disorders related to AD. Purinergic signaling might be the possible way of counteracting the oxidative stress in AD. The potential anti-oxidative compounds are ADP and its stable derivatives, which activate P2Y13. Stimulation of this receptor results in the increased activity of heme oxygenase, which has the cytoprotective action. Another research direction is a search for the ways of mitochondria protection. Such action is reported for donepezil and many other synthetic and endogenous compounds, as well as plant-derived compounds (e.g., rice bran extract).

Chronic neuroinflammation leads to the neurodegeneration. Contrary, the acute inflammatory processes have a beneficial effect by supporting the Aβ clearance, since they trigger the tissue repair and limit the area of the brain damage. Therefore, disruption of transformation of acute neuroinflammation into the chronic process should be considered as a way of AD treatment. In AD, the activated glia cells play an important role in the inflammation processes due to their ability for endocytosis and consequently the Aβ degradation. The neuroprotective role of microglia in AD is manifested by its ability to migrate towards the Aβ plaques, neutralization of Aβ neurotoxicity, as well as phagocytosis and degradation of Aβ.

Increased concentration of extracellular nucleotides released by activated glia or apoptotic cells during inflammatory processes is reported at early stages of AD. Activation of P2Y2 by ATP and UTP triggers the neuroprotective processes (i.e., enhanced axonal elongation/neurite outgrowth). Activation of P2Y2 on migrating microglia cells also affects the uptake of fibrillar fAβ~1--42~ and oAβ~1--42~ (fibrillar Aβ~1--42~ and oligomeric Aβ~1--42~). However, the significant neuroprotective role of P2Y2 occurs only in the initial phase of AD, when the expression of P2Y2 is enhanced. Also, some reports indicate that activation of P2Y1 on astrocytes might contribute to neurodegeneration, although in neural stem cells, it seems to enhance the neurogenesis.

The purinergic signaling in the vascular system is supposed to play an important role at early stages of AD. Aβ causes the vasoconstriction and decrease of the regional cerebral blood flow, but also accumulates in walls of the blood vessels (cerebral amyloid angiopathy). Therefore, another therapeutic way would be the activation of endothelial P2Y, in particular P2Y1,2,4,6, that might counteract the vasoconstriction of brain vessels via the release of NO, prostaglandins, and EDHF.

Neuronal A1 and A2A adenosine receptors have primarily been targeted to promote the processing of non-amyloidogenic amyloid precursor protein (APP) and prevent the Aβ-induced neurotoxicity. Therefore, moderation of the adenosine-related signalization involving A1 and A2A receptors might be used to affect the dopaminergic and glutaminergic signaling, release of the brain-derived neurotrophic factor (BNDF), what affects the synaptic plasticity (e.g., causing the long-term stimulation or suppression). Activation of A1 by adenosine or its analogs causes the activation of protein kinase C, p21 Ras (protein activator 1), and extracellular signal-regulated kinase ERK1/2, leading to the increase in the amount of soluble β-amyloid. Since A1 and A2A adenosine receptors seem to be involved in Aβ metabolism, at the advanced stages of AD, the A1 agonists and A2A antagonists might provide the efficient way for AD treatment as novel drug targets.
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